Introduction (Glimcher and Murphy, 2000). As but one example, CD4
ϩ effector T cells may be classified as Th1 or Th2 cells CD4 ϩ T cell differentiation provides a rich model system for studying molecular mechanisms that underlie develdepending upon the particular cytokines they elaborate (Interferon-␥ or IL-4, respectively). Critical transcription opmental switches. T cell precursors migrate from the bone marrow to the thymus where they pass through a factors that are differentially expressed in these cells have been identified, including T-bet, a Th1-specific facseries of stages distinguished by differential expression of a number of markers, including CD4 and CD8, and tor, and the Th2-specific factors, GATA-3 and c-MAF. clonal selection based on T cell receptor (TCR) specificWith stimulation and polarization toward Th1 or Th2 ity (Berg and Kang, 2001; Marrack and Kappler, 1997).
phenotypes, there is differential chromatin remodeling Naive CD4 ϩ T cells exit the thymus and circulate through at the loci encoding the cytokines which define these the blood, lymph, and secondary lymphoid tissues scan-CD4 ϩ subtypes (Agarwal and Rao, 1998; Avni et al., ning peptide-MHC complexes displayed on the surface 2002). Th1 and Th2 cells are also differentiated from of antigen-presenting cells (Mellman and Steinman, each other by differential chemokine receptor expres-2001). Encounter with antigen in the proper context trigsion, and these loci are also regulated at the level of gers cell division and cytokine production, and alters chromatin structure (Scotet et al., 2001 ). tissue-homing properties. Maximal cytokine production We used GeneChips to examine the effect of stimulais not reached until at least 4 days later (Swain, 1999) , tion on global gene expression in Th2-polarized CD4 ϩ at which point production tapers off. Cells that receive T cells. Uncharacterized homologs of genes required appropriate costimulatory signals survive the expansion for rRNA production in yeast were among the most sigprocess and are armed to churn out specialized effector nificantly upregulated transcripts. This finding initiated experiments presented here which demonstrate how the translational machinery is coordinately regulated by *Correspondence: jl45@columbia.edu extracellular signals to meet the increased demands effector cells ( Figure 1F ). Also, RRS1 expression in B cells stimulated to secrete antibody was at least as high imposed by cytokine production in effector CD4 ϩ T cells. as in effector CD4 ϩ T cells (data not shown), suggesting that induction of the rRNA regulatory genes is indeed a Results specific response of cells with high protein-production capacity.
Transcriptional Changes Associated with Stimulation of Effector CD4
؉ T Cells Naive CD4 ϩ T cells were stimulated for 1 week under Elevated RRS1 Induction Is Intrinsic to Memory CD4 ؉ T Cells Th2 polarizing conditions. The global transcriptional response of the resulting Th2 effector cells was then charThe greater RRS1 induction by TCR stimulation in Th2 cells than in naive CD4 ϩ T cells might be a necessary acterized by isolating RNA at various times following secondary stimulation via the TCR ( Figure 1A ). Labeled adaptation for increased and faster cytokine production by Th2 effector cells. Alternatively, increased RRS1 trancRNA was generated and hybridized to GeneChips that monitor expression of over 12,000 transcripts. Comscription might simply be a result of ongoing stimulation, since ribosome production increases when quiescent pared to the unstimulated condition, 95% of the transcripts changed less than 2-fold at any time after stimucells enter the cell cycle (Warner, 1999) . To shed light on this issue, Th2 cells were generated from naive CD4 ϩ lation, and less than 0.5% were altered by more than 4-fold. As expected for stimulated Th2 effector cells, IL-4 T cells and then washed and cultured for 6 days in the absence of cytokines or stimulatory antibodies. 30% of was the most highly induced gene (30-fold), followed by IL-9, IL-3, IL-10, IL-13, and IL-5 ( Figure 1B and (Figures 1B and 1C, and Table  cells underwent TCR stimulation these signaling pro-1). Among these were genes encoding RNA splicing and teins became highly phosphorylated ( Figure 2B ) and editing factors. Strikingly, six of the GeneChip probes large quantities of IL-4 were secreted into the media reporting the greatest increase in expression in re-( Figure 2C ). Whether stimulation was with anti-CD3 antisponse to stimulation were EST homologs of the S. cerebody alone, or with anti-CD3 and anti-CD28 antibodies, visiae genes RRS1, GAR1, NHP2, EBP2, NIP7, and RRS1 induction was significantly greater in the rested HRAMT. These genes encode nucleolar proteins that Th2 memory cells than in the naive CD4 ϩ T cells (Figure physically interact with each other and postranscription-2D). These results indicate that increased RRS1 inducally modify rRNA. tion is a fixed property of memory Th2 cells, independent Transcriptional activation of murine RRS1, GAR1, of activation state. NHP2, EBP2, NIP7, and HRAMT in response to stimulation was confirmed using real-time RT-PCR ( Figure 1D ). Transcription of Dyskerin, a mammalian homolog of a ERK MAPK Activates Transcription of Genes Encoding rRNA Processing Factors yeast rRNA regulator (Henras et al., 1998) that was not probed by the GeneChip, was also increased by stimula-TCR stimulation activates calcium-dependent and PKCdependent signaling pathways, both of which are retion ( Figure 1D ). Although expressed in all tissues examined, these genes were most highly expressed in organs quired for full transcriptional activation of cytokine genes such as IL-2 (Macian et al., 2001). In contrast, of the immune system where CD4 ϩ effector T cells are located ( Figure 1E ). pharmacologic activation of the PKC-dependent pathway alone with PMA was sufficient to fully induce RRS1 Steady-state levels of mRNA for RRS1, NIP7, GAR1, and NHP2 were all coordinately regulated when exprestranscription ( Figures 3A and 3B) . Accordingly, the nonspecific PKC inhibitor staurosporine completely blocked sion levels were examined in different tissues ( Figure  1E and data not shown). RRS1 was therefore selected RRS1 induction via the T cell receptor ( Figure 3A ). RRS1 transcription was activated by ionomycin alone as a model gene for further study of rRNA regulatory gene transcription. RRS1 was activated by stimulation to a lesser extent than by PMA, and the calcineurin inhibitor cyclosporine had no effect on induction of of either Th1 or Th2 biased CD4 ϩ T cells, and it was activated in serum-pulsed, mouse embryonic fibroblasts RRS1 transcription, even at concentrations which completely blocked activation of IL-2 transcription, Th2 ef-(data not shown), suggesting that transcriptional activation of the rRNA regulatory genes is responsive to pathfector cell proliferation, and NFAT dephosphorylation ( Figures 3A and 3C and data not shown). These results ways conserved among these cell types. Nonetheless, when RRS1 expression levels in naive and Th2 effector indicate that calcium-dependent signaling plays a less important role than the PKC-dependent pathway in the CD4 ϩ T cells were compared, the absolute level, as well as the magnitude of induction, was much greater in the induction of RRS1 transcription, especially given that To examine the effect of TCR stimulation on rRNA rRNA processing rates was not observed at 24 hr poststimulation (data not shown), suggesting that mechaprocessing rates, transcription was blocked with actinomycin, and the rate of disappearance of rRNA precursor nisms for increasing the rate of rRNA cleavage were completely downregulated by this time. species was determined by quantitating the steadystate levels of rRNA precursor that remained over time.
Th2-differentiated CD4
ϩ T cells were either rested or Ribosomal Protein Synthesis Increases in Response to T Cell Stimulation stimulated via the TCR for 8 hr, and nuclear RNA was harvested at various times after actinomycin addition If the number of functional ribosomes increases in response to TCR stimulation, then RPS production must ( Figure 4D ). At the initital time point, amplification plots for resting and stimulated T cells were identical, indicatincrease concomitant with the acceleration in rRNA production (Warner, 1999) . To examine RPS production, ing that the initial quantity of precursor was the same in both cell populations. Though all rRNA precursor speeffector CD4 ϩ T cells were lysed in hypotonic solution, nuclei and mitochondria were removed by centrifugacies, whether in stimulated or unstimulated cells, were less than 5% of starting levels by 45 min after actinomytion, and ribosomes were accelerated through 2M sucrose. Enrichment of ribosomes in this fraction was concin addition, processing kinetics at the A1 and A2 sites was significantly accelerated by stimulation, with decay firmed by Western blot with antibodies specific for either of two RPSs, RPL7A or RPL13A ( Figure 5A ). The riborates roughly four times faster than in unstimulated cells ( Figure 4D ). In contrast, decay of the A0 product prosome enrichment method was then used to visualize newly synthesized proteins by SDS-PAGE after metaceeded at approxiately the same rate in stimulated and unstimulated cells, indicating that factors required for bolic-labeling with 
, 1994). Brefeldin treatment four proteins belong to a functional unit and physically interact with each other. of either naive CD4
ϩ T cells or Th2 memory cells caused increased phosphorylation of eIF2␣, whether cells had GAR1, NHP2, RRS1, EBP2, NIP7, HRAMT, and Dyskerin, a group of genes previously uncharacterized in been stimulated via the TCR or not ( Figure 5H ). Brefeldin also blocked expression of the retroviral GFP reporter mammals, were among the mRNAs with the largest magnitude increase in response to TCR stimulation ( Figure  (Figures 5D and 6B ) in which TOP sequences had been deleted (data not shown). In stimulated effector CD4 ϩ 1B and Table 1 ). This expression profile, along with the data on rRNA precursor processing kinetics (Figure 3) , T cells, ERK or PI3-kinase might counteract a similar stress-response that is activated by high-level cytokine suggest that these genes be added to the list of factors regulating mammalian rRNA precursor processing. Proexpression. We were unable to detect a clear effect of these signaling pathways on eIF2␣ phosphorylation or cessing kinetics at the A 1 and A 2 cleavage sites, and not at the A 0 site, was dramatically accelerated following on the expression of the retroviral GFP reporter lacking TOP sequences (data not shown). Taken together, these T cell stimulation ( Figures 4A and 4D) , as would be predicted by the yeast literature for upregulation of these data suggest that ERK and PI3-kinase pathways have specific effects on TOP-dependent polysome loading.
factors ( T cells expressing truncated RRS1 was greatly reduced (data not shown). In addition, brefeldin had no effect on (Molecular Probes, 1:100,000) and quantitated by comparison to standard curves generated by serial-dilution of plasmid containing the relevant amplicon. In addition, samples were normalized using Experimental Procedures GAPDH, since our GeneChip data demonstrated that steady-state levels of this mRNA were unchanged by stimulation (data not CD4 ؉ T Cell Purification, Stimulation, and In Vitro Differentiation shown). All reactions were performed in duplicate and had controls Naive CD4 ϩ spleen and lymph node cells were isolated from 6-to 12-in which no RT was added. Final reaction products were verified week-old 129/SvEv mice by sequential enrichment using magnetic by electrophoresis on agarose gels. For PCR primers see Supplebeads conjugated with anti-CD4 antibody (Dynal), followed by antimental Table S1 at http://www.immunity.com/cgi/content/full/19/4/ CD62L antibody (Miltenyi). Final populations were typically Ͼ98% 535/DC1. CD4 ϩ and Ͼ90% CD62L HI , as monitored by flow cytometry. Antibodies and cytokines used for stimulation, differentiation, and characterization were purchased from Pharmingen. CD4 ϩ /CD62L HI cells Western Blots Tissue samples were homogenized mechanically, suspended in were suspended at 1.0 ϫ 10 6 /ml in RPMI, 10% fetal calf serum, 0.2% glucose, 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM RIPA buffer, and sonicated. Protein concentration was measured using the BCA Protein Assay Reagent (Pierce). For phospho-protein glutamine, ␤-mercaptoethanol (0.7% vol/vol), and 20 U/ml murine-IL-2, and added to 24-well plates precoated with 5 g/ml anti-CD3⑀ Westerns, Th2-differentiated cells were stimulated with anti-CD3 antibody or PMA for 15Ј-30Ј. As indicated, prior to stimulation, cells antibody and 5 g/ml anti-CD28 antibody. For in vitro Th2 biasing, media were supplemented with anti-mouse-IFN␥ at 4 g/ml and were preincubated for 30Ј in U0126, rapamycin, or SB20380. Cells were lysed in RIPA buffer and 5 ϫ 10 6 cells were loaded per well. 1000 U/ml recombinant mouse IL-4; for Th1 biasing, anti-mouse IL-4 at 4 g/ml and 5 ng/ml recombinant mouse IL-12 were used.
Primary antibodies included anti-cyclophilin A (Biomol), anti-RPL7a and RPL13a (from Taka-Aki Sato), anti-GFP (from Pam Silver), antiAfter 1 week, cells were washed and either immediately stimulated again in 24-well plates precoated with 5 g/ml anti-CD3⑀ antibody ZAP70 (Pharmingen), and antibodies against Erk, phospho-Erk, JNK, phospho-JNK, p38, and phospho-p38, S6, phospho-S6, eIF2␣, or rested in media for 6 days. As indicated, cells were treated with ionomycin, phorbol myristic acetate, brefeldin A, or actinomycin phospho-eIF2␣, and phospho-Tyr319-ZAP70 (Cell Signaling Technologies). from Sigma; U0126 or PD98059 from Cell Signaling Technology;
Metabolic-Labeling of Ribosomal Proteins
(RNA clean-up protocol), with on-column DNase treatment. Samples were reverse-transcribed using Superscript II (Invitrogen), and realCells were washed and incubated for 30 min in serum-free, methionine-free RPMI (Cellgro). Cells were washed again and resuspended time PCR performed on ABI Prism Sequence Detector 7700 using primers for RPS16, GAPDH, and sequences internal to the 28S riboat 1 ϫ 10 7 cells/ml in serum-free, methionine-free medium supplemented with 100 mCi/ml 35 S-labeled methionine/cysteine (Easy Tag somal RNA (as described above). 
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